Background and Objectives: The release of microvesicles (MVs) from mesenchymal stem cells (MSCs) has been implicated in intercellular communication, and may contribute to beneficial paracrine effects of stem cell-based therapies. We investigated the effect of administration of MSC-MVs on the therapeutic potential of carbon tetrachloride (CCL4) induced liver fibrosis in rats. Methods: Our work included: isolation and further identification of bone marrow MSC-MVs by transmission electron microscopy (TEM). Liver fibrosis was induced in rats by CCl4 followed by injection of prepared MSC-MVs in injured rats. The effects of MSC-MVs were evaluated by biochemical analysis of liver functions, RNA gene expression quantitation for collagen-1α, transforming growth factor β (TGF-β), interleukin-1β (IL-1β), vascular endothelial growth factor (VEGF) by real time reverse transcription PCR (RT-PCR) techniques. Finally histopathological examination of the liver tissues was assessed for all studied groups. Results: BM-MSC-MVs treated group showed significant increase in serum albumin levels, VEGF quantitative gene expression (p＜0.05), while it showed a significant decrease in serum alanine transaminase (ALT) enzyme levels, quantitative gene expression of TGF-β, collagen-1α, IL-1β compared to CCL4 fibrotic group (p＜0.05). Additionally, the histopathological assessment of the liver tissues of BM-MSC-MVs treated group showed marked decrease in the collagen deposition & improvement of histopathological picture in comparison with CCL4 fibrotic group. Conclusions: Our study demonstrates that BM-MSC-MVs possess anti-fibrotic, anti-inflammatory, and pro-angiogenic properties which can promote the resolution of CCL4 induced liver fibrosis in rats.
Introduction
Liver fibrosis results from many chronic injuries and frequently progresses to cirrhosis, liver failure, portal hypertension, and hepatocellular carcinoma. Liver transplantation is the only beneficial treatment for patients with advanced stages of liver fibrosis (1) , but this treatment is associated with many obstacles, such as donor shortage, surgical complications, immunological rejection and high medical expenses (2) . Thus, finding new therapeutic approaches for liver fibrosis is essential. The use of cell therapy is becoming more prevalent (3) . For in-stance, hepatocyte transplantation can be used to reinstate liver functions because of the regeneration abilities of these cells. However, the efficacy of this treatment is limited because hepatocytes easily lose their viability and function when they are cultured in vitro or when they are preserved cryogenically (2) . Thus, other types of cells have been investigated in an effort to find an ideal treatment for liver diseases. Researches have shown that stem cell transplantation is an effective treatment for liver fibrosis (4, 5) . Among the different types of stem cells, mesenchymal stem cells (MSCs) in particular have noticeable advantages in regenerative repair because of their high potential for multipotent differentiation, capacity for self-renewal, and low immunogenicity (6) . Over the past few years, an increasing number of studies have assessed the anti-fibrotic potential of MSCs. In vivo studies have emphasized the capability of MSCs to reduce liver fibrosis in animal models (7, 8) . In vitro studies have been aimed to clarify the underlying mechanisms by which MSCs could control hepatic stellate cells (HSCs) activation (9) . Finally, clinical trials have evaluated the efficacy of MSC transplantation for the treatment of liver fibrosis in humans (8, 10) . Moreover, studies have shown that MSCs do not need to engraft in order to induce recovery. Later, it was revealed that MSCs have vast secretion machineries for anti-inflammatory cytokines, chemokines, growth factors (GFs), and shed microvesicles (MVs) that regulate the immune response (11) . Several investigations revealed that MVs from MSCs simulate their immunoregulatory and regenerative action (12, 13) . Cell-derived MVs are wellknown as components of the cell-to-cell communication network. MVs are small (0.1∼1 μm) vesicles shed from the cell membrane by nearly all cell types (14) . MVs mediate intercellular communication through paracrine/endocrine mechanisms (15) . They work as a vehicle to transfer protein, messenger ribonucleic acid (mRNA), and micro RNA (miRNA) to distant cells, changing the gene expression, proliferation, and differentiation of the recipient cells (16) . Moreover, MSC-MVs lack Major Histocompatibility Complex (MHC) class I and II, which allows their allogenic transfusion (17) . Upon administration with a therapeutic regimen, MVs mimic the effect of MSCs in different experimental models by inhibiting apoptosis and stimulating cell proliferation. Therefore, it opens novel perspectives in utilizing these MVs in tissue regeneration and repair. In addition, the use of MVs instead of stem cells may represent a safe and possibly more advantageous alternative to cell-therapy approaches (18) . The aim of the present work is to assess the role of MSCs-MVs as a new therapeutic agent for tissue repair and functional restora-tion in liver fibrosis.
Materials and Methods
Preparation, isolation and identification of BM-MSCs in culture BM cells were flushed from tibia of white albino female rats (Cux1: HEL1) of matched age (6 weeks) and weight (150∼200 g) with Phosphate-Buffered Saline (PBS). 15 ml of the flushed bone marrow cells was carefully layered on 15 ml Ficoll-Paque (Gibco-Invitrogen, Grand Island, NY), then they were centrifuged for 35 min. at 400 ×g 5℃. The upper layer was aspirated leaving the mono nuclear cell (MNC) layer undisturbed at the interphase. The MNC layer was carefully aspirated and washed twice in PBS containing 2 mM ethylene diamine tetra acetic acid (EDTA) and centrifuged for 10 minutes at 200 ×g 5℃, then isolated BM-MSCs were cultured and propagated on 25 ml culture flasks in Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 10% Fetal Bovine Serum (FBS), 0.5% penicillin, streptomycin and incubated at 37℃ and 5% CO2 until reaching 80∼90% confluence within 7 days (19) . Cultured MSCs were characterized by morphology and Fluorescent Activated Cell Sorting (FACS) by assessment positivity of cluster of differentiation CD90 ＋ ,CD73 ＋ , CD29 ＋ , CD105 ＋ and negativity of CD45 − and CD34 − specific to MSCs. Additionally, the chondrocyte differentiation was achieved by adipocytes StemPro Ⓡ chondrogenesis differentiation kit (Gibco, Life Technology, Carlsbad, CA, USA) and they were stained by Alcian blue stain (Sigma-Aldrich, St Louis, MO, USA). The osteoblasts differentiation was constructed by osteoblast StemPro Ⓡ osteogenesis differentiation kit (Gibco, Life Technology) and they were stained by Alizarin Red S stain (Sigma-Aldrich).
Preparation and identification of MVs derived from BM-MSCs
Briefly, MVs were obtained from supernatants of MSCs cultured overnight in RPMI deprived of FBS. To obtain MVs, after centrifugation at 10,000 ×g 4℃ for 20 minutes to remove debris, cell-free supernatants were centrifuged at 100,000 ×g 4℃ (Beckman Coulter Optima L-90K ultracentrifuge) for one hour at 4℃, washed in serum-free medium 199 containing N-2-Hydroxy Ethyl Piperazine-N'-2-Ethane Sulfonic acid (HEPES) 25 mM (Sigma) and submitted to a second ultracentrifugation in the same conditions (13) . MVs were characterized by transmission electron microscopy (TEM) and by assessment of CD63, 
TEM characterization for MVs
MVs were fixed with 2.5% glutaraldehyde for 2 h, after being washed; MVs were ultra-centrifuged and suspended in 100 μL human serum albumin (HSA). A total of 20 μL of MVs was loaded onto a formvar/carbon-coated grid, negatively stained with 3% aqueous phosphor-tungstic acid for one minute and observed by TEM (HITACHI, H-7650, Japan),which showed their spheroid morphology and confirmed their size (20) .
Western blot characterization of MVs
The antibody used was antigen affinity-purified polyclonal sheep IgG anti-rabbit CD63, CD81 and CD83 (Catalog no. 0349509; BioLegend, San Diego, California, USA). Protein was extracted from isolated MVs using radioimmunoprecipitation buffer's composition. Twenty nanograms of protein were loaded and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 4∼20% polyacrylamide gradient gels. Following incubation in 5% nonfat dry milk, Tris hydrochloride, 0.1% Tween 20 for 1 h, primary antibodies (1：500 dilution factor for all target proteins) were added to one of the membranes including specimen samples and incubated at 4℃ overnight. HRP-conjugated secondary antibody (Goat anti-rabbit IgG-HRP-1mg Goat mab -Novus Biologicals) solution was incubated against the blotted target protein for for 2 h at room temperature. After being washed six times in 1 X TBS-T, densitometric analysis of the immunoblots was performed to quantify the amounts of CD63, CD81 and CD83 against housekeeping protein β-actin by image analysis software on the ChemiDoc MP imaging system (version 3) produced by Bio-Rad.
Animals
Forty five female white albino rats (Cux1: HEL1) of matched age (6 weeks) and weight (150∼200 g) were bred and maintained in an air-conditioned animal house with specific pathogen-free conditions, and were subjected to a 12：12-h daylight/darkness and allowed unlimited access to chow and water this was conducted after the approval of our local ethical comittee: Institutional Animal Care and Use Committee (IACUC). On day 0, rats were divided into the following groups: Normal control group: 15 rats received 0.2 ml/100 g body weight of castor oil twice a week for 6 weeks. Then they received 1 ml of PBS twice weekly for 4 weeks.
CCl 4 fibrotic group: 15 rats received a dose of 0.2 ml/100 g body weight of CCl4 (Sigma, St Louis, USA) dissolved in equal volume of castor oil (Sigma, St. Louis, USA) subcutaneously twice a week for 6 weeks (21) . Then, they received 1ml of PBS twice weekly for 4 weeks. Liver fibrosis was determined by histopathological examination.
CCl 4 /BM-MSC-MVs treated group: 15 rats received 0.2 ml/100 g body weight of CCl4 by the schedule mentioned above. Then, they were injected by MSC-MVs with a dose of (4 μg/ml PBS) per rat IV via tail vein twice weekly for 4 weeks (22) . The protein content of MVs was quantified by Bradford method (BioRad, Hercules, CA, USA).
After 4 weeks from stopping of CCl4 and administration of MVs, venous blood was collected from the retro-orbital vein. All rats were sacrificed with decapitation, and liver tissues were harvested for analysis.
Biochemical analysis of liver functions
Alanine Transaminase (ALT) and albumin were assessed according to manual instructions. The ALT kit was provided by (BioMeD, Hannover, Germany, CAT NO: GPT11240), while albumin kit was provided by (BioMed, Hannover, Germany, CAT NO: ALB100200) and they were measured in serum by Colorimetric, Endpoint method. 
RNA extraction
RNA extraction kit was provided from Thermo Fisher Scientific Inc. Germany (GeneJET, Kit, #K0732). Liver tissue RNA was purified according to manual instructions.
Quantitative real time-PCR (qRT-PCR) assessment
The kit was provided by Bioline, a median life science company, UK (SensiFAST TM SYBR Ⓡ Hi-ROX One-Step Kit, catalog no. PI-50217 V) which is formulated for highly reproducible first-strand cDNA synthesis and subsequent real-time PCR in one step.
RT-PCR master mix was prepared by 10 μl 2x Sensi-FAST TM SYBR (final concentration was 1x) then 0.8 μl of 10 μM forward Primer, 0.8 μl of 10 μM reverse Primer (primers sequence was shown in Table 1 ), 0.2 μl of reverse transcriptase, 0.4 μl of RiboSafe RNase inhibitor, 3.8 μl of H2O and 4 μl of RNA template the final volume was 20 μl. Finally the prepared reaction mix samples were applied in real time PCR (StepOne Applied Biosystem, Foster city, USA). RT-PCR thermal cycling profile was one cycle for reverse transcription temperature of 45℃ for10 minutes, one cycle for polymerase activation at 95℃ for 2 minutes and finally 40 cycles including (denaturation at 95℃ for 5 seconds, annealing at 60℃ for 10 seconds and extension acquired at end of step at 72℃ for 5 seconds). The RQ of each target gene is quantified according to the calculation of ΔΔCt. We calculated the RQ of each gene by 2 −ΔΔCt normalization to house keeping gene.
Analysis of liver histopathology
Liver samples were collected into PBS and fixed overnight in 40 g/L paraformaldehyde in PBS at 4℃. Serial 5-μm sections of the right lobes of the livers were stained with Hematoxylin and Eosin (H&E) and Sirius red staining and were examined histopathologically at the pathology department.
Statistical analysis
Data were coded and entered using the statistical package SPSS version 24. Data were summarized using mean and standard deviation for quantitative variables. Comparisons between groups were done using analysis of variance (ANOVA) with multiple comparisons post hoc test (23) . Correlations between quantitative variables were done using Pearson correlation coefficient (24) . p-values less than 0.05 were considered as statistically significant. 
Results

BM-MSCs isolation, propagation and identification
MSCs were isolated, propagated, and identified by their morphology as fibroblast spindle shape cells and colony forming units ( Fig. 1 (I) : A∼D). MSCs were differentiated into osteoblasts stained with Alizarin Red S stain and chondrocytes stained with Alcian blue (Fig. 1 (I) : E, F respectively). Furthermore phenotypic FACS analysis showed that MSCs were uniformly positive for specific MSCs surface marker CD29, CD105, CD73, CD90 and negative for CD34, CD45 (hematopoietic marker) ( Fig. 1  (II) ).
Identification of isolated BM-MSCs-MVs
BM-MSCs/MVs were characterized by their expression of specific markers CD63, CD81 and CD83 as detected by western blot ( Fig. 2A ). Furthermore MVs were identified using TEM by their homogenous size (500 nm) and their spheroid morphology (Fig. 2B ).
Biochemical analysis of liver functions
Serum albumin level showed a significant decrease in CCL4 fibrotic group compared to the normal control group (p＜0.05). However, there was a significant increase in albumin level after 1 month of BM-MSC-MVs administration in the fibrotic rats compared to CCL4 fibrotic group (p＜0.05), and it was non-statistically significant compared to the normal control group (p＞0.05) (Fig. 3A) . ALT serum levels showed a significant increase in the CCL4 fibrotic group compared to the normal control group (p＜0.05). However, after 1 month of administration of BM-MSC-MVs in the fibrotic rats showed a significant decrease compared to the CCL4 fibrotic group (p＜0.05), but, it was still significantly higher than the normal control group (p＜0.05) (Fig. 3B ).
Real time PCR
Quantitative gene expression of fibrotic markers TGF-β and collagen-1α in rats' livers showed significant increase in CCL4 fibrotic group in comparison with the normal control group (p＜0.05). Conversely, they showed significant decrease after 1 month of administration of BM-MSC-MVs in the fibrotic rats compared to the CCL4 fibrotic group (p＜0.05). However, the gene expression of TGF-β was still significantly higher than the normal control group (p＜0.05) (Fig. 4A, 4B ). As regard VEGF gene expression showed a significant decrease in CCL4 fibrotic group compared to the normal control group (p＜0.05). On the other hand, it showed a significant increase after 1 month of the administration of BM-MSC-MVs in the fibrotic rats compared to the CCL4 fibrotic group (p＜0.05), however, it was significantly lower than its expression in the normal control group (p＜0.05) (Fig. 4C ). Concerning the gene expression of IL-1β in rats' livers, it showed a significant increase in CCL4 fibrotic group compared to the normal control group (p＜0.05). In contrast, it showed a significant decrease after 1 month of administration of BM-MSC-MVs in the fibrotic rats in comparison with the CCL 4 fibrotic group (p＜0.05), however, it was significantly higher than its expression in the normal control group (p＜0.05) (Fig. 4D) .
Finally, the histopathological examination of liver tissues from all studied groups revealed that BM-MSC-MVs have a significant anti-fibrotic effect, demonstrated in H&E and Sirius red stained sections, and evidenced by remarkable reduction in the size of portal fibrous expansion and regression of septal fibrosis with improvement of liver histopathological picture compared to CCL 4 fibrotic group as shown in (Fig. 5 ).
Discussion
The application of MSCs therapy in liver fibrosis treat-ment has been increasingly investigated in the recent years. MSCs obtained from a variety of sources (e.g. bone marrow, umbilical cord (UC) blood and adipose tissue) have been studied and have achieved remarkable results (25) . However, accumulating evidence indicates that MSCs release extracellular vesicles (EVs) that deliver genes, miRNAs and proteins to recipient cells, acting as mediators of MSCs paracrine actions (26) , and thus, may be harnessed for therapeutic purposes in a similar fashion to their parent cells. Furthermore, in comparison to whole cell-based therapies, MSC-EVs may offer specific advantages for patient safety such as lower propensity to trigger innate and adaptive immune responses and inability to directly form tumors (27) .
EVs are subcategorized into three groups; exosomes, MVs and apoptotic bodies, each of which have different biological impact (28) . MVs derived from MSCs have shown hopeful therapeutic effects in various animal models. For example, lung injury (29) , kidney injury (30, 31) , and cardiovascular diseases (32) . Despite these interesting studies, we have a limited understanding of the effects of MSC-MVs in experimental models of liver fibrosis.
Our present study was conducted to investigate the effect of murine bone marrow (mBM)-MSC-MVs on the treatment of CCL4 induced liver fibrosis in experimental rats. Thereby, we assessed their potential utility as therapeutic agents for tissue repair and functional restoration in liver fibrosis.
Results revealed that BM-MSC-MVs administration at a dose of (4 μg/ml PBS via tail vein) recovered liver function, architectural changes and resolved fibrous damage via down regulation of the gene expression of TGF-β (fibrosis marker), Collagen-1α (fibrosis marker), IL-1β (inflammatory marker) and up regulation of the gene expression of VEGF (angiogenesis marker).
In our present study, when rats were treated with CCL4 twice weekly for 6 weeks, the liver exhibited a marked increase in extracellular matrix (ECM) contents and displayed bundles of collagen surrounding the hepatic lobules leading to large fibrous septa as seen by the histopathological examination. Additionally, there was a significant over expression of TGF-β and collagen-1α genes in the rats' livers as assessed by qRT-PCR. All of these are characteristics of advanced fibrosis and early cirrhosis. There was also evidence of liver dysfunction, as reflected by the significantly decreased serum albumin levels and the significantly increased serum ALT levels when compared to the normal control group (p＜0.05). These results are in agreement with those of Dong et al. (33) and Shrestha et al. (34) who induced liver fibrosis in rats and mice respectively using CCL4. Lei et al. (35) characterized the MVs released from BM-MSC by FACS, they were positive for the MSC markers (CD90, CD44 and CD73) and negative for CD34 and CD45 (hematopoietic markers). Moreover, MSC-MVs lack MHC class I and II, which facilitates their allogenic transfusion.
In our study the isolation of BM-MSC-MVs was successful, confirmed by their positivity for CD90 and their negativity for CD45, and their size (500 nm) as detected by TEM, and they were transplanted into the CCL4 fibrotic rats with no evidence of immune rejection.
Milosavljevic et al. (7) stated that MSCs could improve CCL4 induced liver fibrosis in mice. In that study, Sirius red staining of liver tissues obtained from CCl4-treated group revealed extensive collagen deposition and pseudolobular formation. While, stained areas of fibrous dense tissue were reduced in MSC-treated mice.
Besides, Haga et al. (36) informed that either human MSC-EVs or murine MSC-EVs could achieve anti-inflammatory effects. The histological examination by H&E of D-Galactosamine/α-TNF treated mice livers revealed profound hepatocellular apoptosis, hemorrhagic necrosis, enucleated necrosis, and mononuclear leukocyte infiltration with cytoplasmic vacuolization. In contrast, livers from mice treated with either hMSC-EVs or mMSC-EVs had less inflammation.
Consistent with the previous studies, our histopathological examination by H&E and Sirius red staining of liver tissues of BM-MSC-MVs treated group showed that they have a significant anti fibrotic and anti-inflammatory effects as evidenced by remarkable reduction in the size of portal fibrous expansion and regression of septal fibrosis with improvement of liver histopathological picture compared to CCL4 fibrotic group, and thus, emphasizing that the anti-fibrotic and the anti-inflammatory effects of MSCs may be attributed to their shedding MVs.
The pro inflammatory cytokine IL-1β is an important participant, along with other cytokines, in controlling the progression from liver injury to fibrogenesis through activation of HSCs in vivo (37) . Therefore, targeting IL-1β signaling may be a potentially valuable therapeutic strat-egy in chronic liver diseases (CLDs) (38) .
Song et al. (39) reported that MSC transplantation in a partially hepatectomized swine model enhanced liver regeneration in the early acute liver failure stage and showed a significant decrease in IL-1β serum levels, suggesting that MSCs anti-inflammatory actions may mimic its effects in hepatic regeneration.
Added to that, Chen et al. (40) showed that MSC-CM administration significantly reduced the mRNA expression levels of IL-1β in irradiated rats' livers and could prevent further liver injury.
In our study, BM-MSC-MVs treated group showed significant decrease in IL-1β gene expression compared to the CCL4 fibrotic group (p＜0.05). However, it was still significantly higher than the control group (p＜0.05). Taken together, MSCs through their shedding MVs can modulate the inflammatory response by decreasing IL-1β expression so that they can minimize the hepatocytes injury, enhance their survival and decrease the activation of HSCs, which is beneficial in the treatment of liver fibrosis.
The development of liver fibrosis is associated with decreased hepatic VEGF gene expression as well as sinusoidal rarefaction of the fibrotic scar. In contrast, the resolution of fibrosis is characterized by a rise in hepatic VEGF levels and revascularization of the fibrotic tissue.
Additionally, DeLeve (41) reported that VEGF is essential for the maintenance of liver mass during chronic injury through the enhancement of liver regeneration. So that increasing VEGF expression may be helpful in the treatment of chronic liver diseases (CLDs) and fibrosis.
Adas et al. (42) informed that after the injection of MSCs and VEGF-transfected MSCs into the portal vein following liver resection, they were engrafted in the liver and they increased bile duct and liver hepatocyte proliferation, supported liver function and liver volume/ weight via secretion of many GFs including the VEGF.
Moreover, Lee et al. (43) stated that hypoxic CM from human adipose tissue MSCs infusion in partially hepatectomized rats significantly increased the expression of VEGF which enhanced angiogenesis and liver regeneration.
The studies that clarify the role of MSC-MVs in promoting angiogenesis and increasing VEGF expression in liver injury and fibrosis are rare, but there are studies showing their pro-angiogenic effects in other organs (44, 45) .
Our study results revealed that the treatment with BM-MSC-MVs significantly increased VEGF gene expression in rats' livers compared to the CCL4 fibrotic group (p＜0.05) and accompanied by hepatocytes regeneration & improvement of the histopathological picture.
Accordingly, we can conclude that MVs are responsible for the angiogenic properties of MSCs via increasing the expression of VEGF and these angiogenic actions can promote hepatocytes regeneration, and decrease liver injury helping to lessen liver fibrosis.
In conclusion, our study clearly demonstrates that BM-MSC-MVs possess anti-fibrotic, anti-inflammatory and pro-angiogenic properties which can promote the resolution of CCL4 induced liver fibrosis in rats. Thus, BM-MSCs-MVs are new tool for liver fibrosis treatment by a cell free therapy.
This work needs further investigation to clarify the content and the exact mechanism of action of MSC-MVs. Microarray gene analysis has to be done to define which mRNA transcripts are frequently present so that the intended therapeutic effect can be translated and optimized. In vivo tracking of MSC-MVs by fluorescence labeling has to be done. Finally, additional experiments are required to investigate long-term safety of the administration of MSC-MVs.
